
J- -Y

.

,

,T~[s ,
/

DOCUMEIWT.- “) -

a’ --

.

4-

,-”
-—

-. ,



BLNIIHI(PAGE



LA-m -78-1935

I

TITI.Jl: ~RA~W STUDIES
Ax) CO!4EUSTIONE’OR

OF COAL DRYING, PYROLYSIS
Ucc

AUTIKMU$!O: G. R. B. Elliott and N. E. Vanderborgh

SUB.MI’M’ED TO: SOCIETT OF PETROLEUM ENGINEERS, AT-ME
To be presented at the 53rd Annual Technical Conference
& Exhibition of the Society of Petroleum Engineers of

AIME in Houston, TX, October 1-3, 1978.

\
+

Adamos

of tho University of California

10S ALAMOS, NEW MEXIC087545

Ik

F,,, Ill \,q ● ,1

SI \o, !1 . ,
I :-,

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.
 
 For additional information or comments, contact: 
 
 Library Without Walls Project 
 Los Alamos National Laboratory Research Library
 Los Alamos, NM 87544 
 Phone: (505)667-4448 
 E-mail: lwwp@lanl.gov



ABSTRACT

Bxperfuntal end theoretice2 amlyeas ●hov thatKU
controlled w~tu Iavceion durios ucde~round coe3 con-
veroifm (WC) ie hamfuL ●t ~1 stesee of UCC. By con-
t rut, tf uatu icvceion ie prevented, coel porosity e=
be created for further procusint, pyrolyain ten yle~d
unif otm hydrocetbon products, $eeif Ication ccn produce
● unifom product, cccl is fully conmmed (not bypuud
during cabwtion, end environmental probla ●e 81nl-
,Lxed .

INTRoouc’rxm

The Pour Co2ners Regioa of New Nexico hu long
s~rved ● the me$or ●ource of foutl fuel for the
10X (end sroving) of the U.S. population vhich lives
in the &erican Southvast. Ove? the Long term, ●o-
●ming continued rejection of the nucleu option, de-
spite ● temporuy ●upply of Ueeken otl, cnd including
poesible future contributions frm the Keiperovitz
Re~ion of Utch, thin fuel source muet continue to SUPPI
●lectricity end hydroeubon fuels for the Southueot.
Other rej@one of the united St@tee, cc veil, my need
hydrocarbons from this UMion. Uouever, vith the de-
pletion of oil and aeturcl gae wpplies, it will be
neceeaery to turp to cccl both for ●lectric power and
for the hydroce#bon fuels.

Although the coal reeemee of the Four Comers cnd
Neipuoults Ra@one are vaet, the ●trippable coal ie
far more lhited-uodmground tiins AD ●lready propoma
for the Kaipuouitz Resion, and the 3“ dip of the Four
comers cccl ●oema Iewes only relatively cull amounta
of coal ●t ●tripping depth, i.e., ltse then ebout 65m
(200ft) . Kconmic factore thue require that deeper
coal be recwwed, and ●efety ●nd ●nvironmental tactora
demend developwnt nf new methods to rocwer that coal.
The lA6Lconcepto“ Underground coal cooveteion (UCC)
te ooe pr-sing uev mthod.

In ite complete fosn (eimpler vueione ●rt ●leo er
vieioned, ● till be diecueeed), the IASL ●dvanced con=
cept for ●ubbitminoug coele in ●rid or ●emi-uia re-
Blone involvce preliminary phyei.cel ieoletion of th-
COJ1 from the ●rrounding ●quifera, followed by four
chemical etepc: (1) The coel iD dried ●t ebout 120*C
to produtie greeter poromity, to create uniform end

-.
reproducible condttiau for Nb8equent procemins, to
●ceoqllsh the dryfrig ulth lov~rede iwet, -d to re-
cover veLueble water. (2) The coel is pyrolyzed at
cbout 300-600”C to recover geeeoue end perhep9 liquid
bydrocubo?ts. Sac hydrocubonswf. llbe sold u fuels
or petrochem2ceL feadetocks. Put w be blended with
the cccl &eeification producte so thct● meterial of
very umfomquclity ten be supplied. (3) The coel is
geetftedvith 0a/C02 feed to y%eld en intemediute-Btu
fuel. (&) TIM fuel fpe is eleened cot blended. LASL
●een the uee of this we ●t ● mine-mouth ●lecmlcity
generation ●tetkon, but other ueee for the fuel cm ba
ecvietoned.

Beceuse the Nwajo Nation ia ●quivocalin itsatt$
tude towud recovery of ita etrippable COal* the low
term fud supply for present end future Four Cormrs
Region●lectric ~eneretors ie uncertain. Other coal
●ppliea muet be ●ought. conventional underground tin
ing in one ●xpansive possibility. Ilouaver, chemical ?*
covery of deaper coal by the LASL concept should be
reeeotmblv ●traiahtforuud, if water iaolat~on (CC in
the prcviou$ puasraph) could be ●ccoopliehed. Once
veter influx is controlled, ●ucceeeive drying, PyrolY-
sie, then gaeificetton with oxygenlcarbon dioxide m5.x-
turu vould prwide e unifom, intemediate-Btu fuel
Ceeulth relatively 10U sulfur content to mix with
end ●u#wnt the powdered casl bdog burned in the Gen-
●raters. Bocau8e of the existing stack-gee clcanlng
facll%tiee, end becauee the boilerm hendle coal PY-
rolyeim gaeee, much goaerating ●tatiom offer ● parti-
ululy ●dvaitegeoum cite for ● ●teged development of
veri.oue concepts ultimtely t.:) go into UCC tec~olouy
for more broad-ecele uee.

Xc consjderint enY coal recovery scheme for ●rid
re@one, one mum recosniae tht ovwr~ding importance
of water coneervatlon.

It ie, puhaps, obvioue thet coal cennot burn if
it ie too vet. tirkrol of weter faflux into coal bed#
duri~ Ucdersround coal testification (UCC) has seldom
been ●ttampted, ●nd undusround proceeslng yieldn hew
been desraded ●ccordhsly. Uncontrollodvater hflu
hem implication throu~hout both the combiiied steps
of eimple $eeification (UCt2) and the individual atepe
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*ter M lUX - The cumant practice in UCZ ham
- to creata ● P bubble in the procaaoing regim
of tlm cod W by exca8eive gaa pruaure in ● way to
~=ter imfk. This tac.hniquahas bee~ triad
durisg both the Emma and the We Crook axparinnta!-b
ALtlw@ faitidly thto approech me.ed ●accesaful it
La w appuemt that rwer-preeautlzaclon bubbles ●a
not the ~-tem ~r for either UCG or UCC water
catrol: Yirat, ● gas bubble mderground la Inharemtly
unstable -d uill teed to m or flatten, ●econd, tit
different-eLacd cracks, sss will prefarenctilly ●acape
in tba Zmrsar cracb whila the pressure ie ●till too
1- to mve uetar out of othu aaaLLer crecka; third,
t~ wry fmct of proeeurlcins the aystcm ti u increase
pore praeaurm aid ticreaae w=tor imflux. These inher-
eat problm cmee em@meerimg, ●conomic, &md environ-
mtd dilficultiae.

Eastern European wmk s-a hae included p~plng to
elimfmate water, but thare IS little evidence that auc
~lmg has hen terried out in vaya which produce a
mejor ●eaLims of the vatar chmnele in the coal. More
onr, ● cmt tiuouo f lW control U more necoaaary, per
tips, than ia tha faitial moisture ccmtrol.

The imitial ●pproach to water control being pur-
●umd under the ML concapt la to salact coal hadm
which ●re ralacively dry mmd have lW sam pemabilic
to axcluda wetar flw. This raqui-nt, ●long with
8AIIYothers, has led LASL to the ●rid Four tinara
balm. dlthouuh drv coala ●re an imwrtent initial
cmeidaration, euccaeaful procesaimg till require that
tha water flow be limited or axcluded. Special tech-
niques will be naceasary to ●chiwe thie watar control

blatar,carbon Moxide, end Kmin& - Permeability
exper-nts wlch ●ubbitminoue coa16 from the Fruitlan
Se&m have ●howo that permeability, whan theme COSIE
ara recompraaaad to raaliotic in Eitw ●treaea6, la ao
lW (ebout 0.05 millidarcy, 0.05 pa) that drying does
not occur ●t ● reasonable rate, ●xcapt undar forcad
convective traneport. Uheo dried, permeability in-
crcasam to a large enough value (about 8 millidarcy,
8 ma) ao that auxiliary openings are no longer im-
portant in the total gas flow. ‘ This permeability for
d~, comprasaad San Juan coal ie ● little lower than
for ●me other dried coals,lobut certainly most lW-

ramk coal- will show ●daquete pamaability for UCC
titer moiatura removal.

During drying of coal under ●tatic condition-,
heat must flow inward through ragione of poroue, dry
coal. Sinca coal damonstratee low charmel conductivity
and lar~e smouota of heat must flow in to ●vaporate
moietura which is still in tha wat ragionu tiaide the
pieces of coal, the procatficannot be ●ccel~ratedmuch
Ovarhaating the outar aurfacae of tha coal raeultallln
much of tha heat being removed by stem moving couote~
current to the heat flw of tha vaporization procass.
Mao, coal pyrolyeia limite tha tcmperaruree which car
satisfactorily ba used for ●olely coal d~ing.

To facilitate heat tranafer, carbon dioxide gas
with ● low viacoaity ●nd a high haat capacity, leads
to a rapid convactiva drYin8. Lo addition, the tir-
bon dioxide adeorba strongly to coal surfacea and die-
placea moieture.

If the coal ie not thoroughly dried prior to
caeificetion, then proceeein$ 8aeea Laolata end bypaal
coal rasiona u the flm front travarsan tha coal be(
Thit bypaaeing occurs for ttxea reasone: Flret, th~
flow of the reactamt taaes will trend to follw natural
cracks in the coal becausa of tha veq low pemeabilll

of the dried cod. (Dri.d coal, M already nntion-
ed, has ● h.isb emough perwability to permit poroue
flew.) Sacond, ●s just dimcusaed, the high heat ca-
pacity of wet coal, the poor heat transfer, aad tha
coamtercurrant coolins of the dried coal by micture
evaporation ●l- the heating of mmist coal. TIIicpro-
lomged cooling will prevent ●0U sections of the coal
zone from reechin~ tqeraturea hot a.noughto cause py-
rolyaie—inetmd, the hot (dry) regimM will get hottex
aud react faater while the wet coal rosione stay wet,
cold, md mrcacted. Third, -11 ~tm of water
vapor cmd~izq on cooler portiooe of the cod bed,
c&I block off further gas flow m.nd coal reaction. We
feel that this condensation is ● major reason for by-
pamaing underground proccoahg.

Water end
tl

Pyrolyeia - Earliar work be- shown
that pyrolysis of San Jum Mine coala is ● procen6
which im dmo.stthermally ❑eutral—pyrolyaim procead6
rapidly without generating or cmmuming large ammnts
of heat M the temper~ture movee through the range 3C9”-
600”C. On the other hand, if liquid water invadas ●

ragion of pyrolyzing coal, the ●ffect ran be diaamtrou6
to the pyrolysis both becauee water vaporlzaticrocon-
sumes large amounte of heat end because water tremport
(liquid and ~aaeoua) domimatea beat transfer.

As ● specific mx~le of the ●ffect6 of water ti-
veeion, coneider water injaction into char at 300”C.
The heat capacities of the water ●nd of the char ●re
such that the energy necenaary to heat 1 g.of water
from 25” to 100”C and boil it (615 cal, 2.57 M) are
more than enough to cool 10 g of char from 300” to 100°
c. Once ● char region has cooled to 100’C, moi6ture is
not ●vaporated, and any additiootl condensation of
liquid water will physically block the gas flow pat-
terna at the wat regions.

Proly6ie create6 ●ven more porosity and a lower
flw bpedence in Fruitland coals then axiscs in the
dried coal, Pyrolysis till Eenerate gases with heat-
ing values, in the neighborhood of 500-600 Btu/SCF
(19-22 FIJ/m’ ●t 15.56’c and 0.1016 I@’a).

Tha importance of pyroly5ia to fuel recove~, in
UCC has been emphasized by Derman end Nikolaeva.

Watar and Gasification - The gasification of coal
char with ●ir or oxygen to low- or intanoediata-Btu
fuel gaees (ebout 100-300 Btu/SCF, 4-11 W/m’) occurs
only ●t high tamperaturas, both for kinetic and for
thermodynamic raaeona.

Four char (repraaented as carbon) reactiona are of
critical importance to the fuel-productionreactions of
UCC ●nd UCCi Thasa raactione ●re listed below, along
with ●ccapted’h values for the ●tsndard haats of re-
●ction ●t 25°C (29FIK)end 927”c (1200K) end the etand-
ard frae ●nargias ●t 427°C (700K) end 927°C (12000
for thase raactior.a. Mao Z(HIIOo-H~so) IS Ustad,
●hmlng the heat ●bsorbad in raieing tha ●yatem to the
reactmt temparaturas of 1200K, Nl thermodynamic
valuae ●pply for g-moles of the raactions written.

Reaction 1 dalivere heat, but the COZ product is
not ● fuel Sac-fuel gaees result only from Reaetions
2-4, end, ●a discussed ●arliar, from pyrolyaia re-
●ctions. Hwavar, Reaction 1 la kinetically important
bacause it cm be initiated ●t relatively lW tempera-
tures (some chara ignita h ●ir ●t tamperaturaa ●round
250”C) and bacauee the haat of reaction can produce
tamperaturaewhich pamit rapid prograas of Raactlona
2-4. Invasion of liquid water ratards Reaction 1 both
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by blocklng out gaseous rsactants and by cooling the lug coal bed can be particularly objectionable in eool-
char belw its ign%clon temperature. lng the reactloo zone and thereby degradtig the pro-

duct . CkYKen systems are leas sensitiveto this effect

AH”z9t =-9L.1 keel= -394 M

U-ltae = -9L.4 ktal = -395 M

AF”7@o = -94.5 kcal = -395 kJ

AFeltoo = -9b.7 kca2 = -396 kJ

~(HIZO@-H;3s) = 11.0 kcal= 46 M

C(char) ‘%) - ‘(g)
AH”29C- -26.4 kcal = -111 kJ

AH=l:oo = -27.1 kcal - -113 kJ

AF”>oo = -L1.5 kcal = -17L kJ

AF’1200 = -52.0 kcal = -218 ~’

~(HIzoo-HzJo) - 7.Lkcal= 31 k.1

c(char) + ‘z(g) = 2c0(E}

. . . . (1)

. . . . (2)

. . . . (3)

AH”zQ, =41.2 Lcal = +172 M

AUclzoo = +40.3 kcal = +169 kJ

tIF”700 =+11.6 kcal = +~& k.1

AF”lZOO = -9.L kcal = -39 M

Z(HIZOO-HZgO) = lL.5 kcal = 61 ~

C(char) ‘H26(g) = co(g) ‘Hz(g) “ “ “ “ ‘6)

LH”z50 = +31.4 kcal * +131 Li

AH”lzoo = +32.5 kcal - +136 M

LF”?OO = +&.i kcal = *35 M

LF”1200 = -8.7 kcai = -36 k.1

l(HIZoo-H:96) = 12.1 kml = 51 kJ

For a temperature of 1200K, Reaction 1 will de-
liver 9-.1 kcal per g-na:e cf carbon consumed, but
part of this heat reflects energy which hd t= be
supplied for the necessary high reaction temperature.
For an oxygen burn, 11.0 kcal is needed, 3.9 kcal tc
heat the carbon to 1200K, end 7.1 kcal to heat the
oxygen. FGr an air burn, an additional 13.L kcal is
needed to heat the inert nitrcgen.

(To be precise, these thermodynmolcvalues apply
for Idealized pressures, I.e., fugacities, of 1 ctm,
Gr O.1O13 ma, for bGth oxygen and nitrogen. Howevar,
this idealization haa no significant effect upon the
follouing discussion.j

Reaction 2 delivers both heat (2?.1 kcal per
g-mole) and a fuel gas (CO). The kinetic limitations
of this reaction require high temper&tures and favor-
able reaction con?~clona, e.g., 1200K as was used for
the calculations. There are ●lso thermodynamic limi-
tations, aa will be discussed under Reaction 3.

For oxygen burns this 27.1 kcal is considerably
larger than the energy, 7.L kcal, needed to heat the
reactants to 1200K, and this ?XGthetic Reaction 2
should be balanced by an ●ndothermic (heat-absorbing)
raacrlon such as Reactiona 3 and L. With air burns,
however, en ●xothermic-endothermicbalance is less im-
portant because heating the air and char to 12001t●b-
sorbs 20.8 kcal of the 27.1 kcal evolved. As corol-
lary. though, liquld water Invasio:,lnte an air-butm-

●lnce addl~ional heat is available.

Reaction 3 absorbs heat (AH” 1S positive), and tht
reaction can be very useful in ut%liziug the evolved
heat of Reaction 2 to produce more CO fuel gee. This
reaction is extremely temperature ●cneitive, as ia in-
dicated by the fz?e ●nargies ●t 700K and at 1200K. At

1200K the value of AF” ta ntgattve, corresponding to ●

very large percentage (98Z) of CO fuel in tha Rae whick
will form Lf oxygen ia put Into contact with char at
that temperature. By contrast, ●t 700K the positive
value ofAF” ccrreeponds to only 22 of CO fuel and the
gee is no longer even combustible. Thare 2s no reason
to propose that the reverse of reaction 3 will occur
under reaction conditmns listed here.

Reaction 3 ia preferable to Reaction 6 in the
arid Southwest because tha lattar reaction Invrl.rea
water. In many waya Reaction 3 and i are eqalvalant
as far as endothermic-exothermicbalance is concerned,
and comparable product degradation occurs if the re-
action temperature is dropped by a liquitiwater influx
Houever, injection of water into a UC-Zayscem may caust
unnecessary bypassing ●nd fuel wastage.

Watar and Product Unifmmity - Reaction 3 llmits
the Reaction 1 - Reaction 2 inrerrslationship. For
temperatures below 600”C or for high gas velocities
the C6 formarion faces kinetic llmits which degrade
the product below the thermodynamic predictions as jusl
discussed. Iiwever, for reaction of porous, bulk cIiar
at high temperatures (850°C end higherj and at gas flat
velocities suitable for UCC, the thermodymmic llmit a!
calculated from Reaccion 3 WI1l closely prevail and ‘cht
kinetic degradation wI1l net be Important. At the bigl
temperature thenoodynamic limit, a highly uniform fuel
product will result.

For mcist, impermeable coal (as opposed to drg,
porous charj the gas flow is largeiy through czacks.
Here flow velocities can locally b~cGme very higt,,
residence times can become very short. and pressutes
can vary thrwghGuc the reacting region. Uncer t’nes~
conditions the kinetic llmits will dominate even at
high temperatures, and the system may not achie’J~the
thermodynamic llmit. In fact, the thermc.dynamlc;limit
may shift tc less favorable, high pressure cond+kiot=.
Iha problem is further aggravated by local tempa’rature
variations associated with the arratic avolutiod of
puffs of staam and pyrolysis products as the codl drie(
and pyrolyzes during combustion. al these factors
will adversely ‘.:.fluenceproduct uniformity and qaalit:
during UCG with wet coal.

The thermodynamic llmits, exprassed in the heat-
ing t.alueGf the produc~ gas Which could, at equili-
brium, be formed at various temperatures are hhown in
Fig. 1. For thase caaes, represai.::.igReactlonc 3 and
L (1OV heating value) with oxygen-burning or ai!--burn-
ing of the char, one can note a sharp drop In the heat,
ing value for temperatures below SOO°C during formatiol
AS cited above, the kinetic problems lead to further
dagradatlo~ of product qualiry.

Figure 1 Iadicatas that there is no way that a
product of adequata and uniform quality could be de-
liverad if vacer Is intermittently introduced ir?o the
gasification zone. Antoher point is that the thermo-
dynamic maximum heating values for CarbGn monoxidef
hydrcigen~roduct mixtu;es la approxlmacely 30~ Btu!SCF
(11 MJjnBJ where oxygen hss been used for the char



Baaifiutim ; with eir burma thm va.bee c- ody be jw
war 100 Btu/SCY (4 ?LJImm). Iltermfora,M’Ber heating
values than thus fmdicate ● comtrlbution f?= pyrolys:
seaaa. pyrolysis la ~sible tO ~taim in ● cmal

baa for long proceaslmg perida. In fact, eucb t-
-emt baetitqplum with time h8va bean noted 10
11~ expu~nts. -

PhaUy, am mut comaidar what happ9ma to chew
dmmic ●quilibrium ●s the gee product cooLs. ILSMy
yaars of c-rcial uperience with the uso of water
gas ●how that the reverou of Reactions 3 8nd 4 ueuaLLI
do mot occur u the C5 C-Ala. TtM arpl~ation la that
tba fometim of ●olid carbon fm a cm2fng gee phase h
kinetkelly difficult. Thorefore, m Concantrationa
fo~d ●t equilibria ●t high t~rat mes cm be ra-
tainad fm nonaquilibrim es the t~eraturas are lower.
●d, ●ven though ● cher/COz mlature WOUICbe thermody-
namically more stable. Particular catalytlc condition!
could ●lter thie aicuatinn.

Eowsver, CO can oft-n be deetroyed ●l lower temp-
araturee if water la present, through the ●hifc re-
action

co(g) + azo(g)- co’(g)‘HZ(E) . . . . (5:

&“lzOO = +739 kcal = 3092 ~

AF”@orl- -2297 kcal =-P611 W

~noee free energies I.ndicete chat the reaction cmot
produce COZ mt high temperature but can react aLmont
completely to COZ at lcu tcmperature6. Furthermore,
catalyeta for the reaction exlsc in ●oil and aati.

Tiiieformation of noncombustible C% from cmn-
buetible CG 1.sa further difficulty caused by uncon-
trolled water influx.

Uater and Coal Bypaaaetiin Combustion - Earlier
comnencs have tidicaced chat und:-ied coal ie more sub-
ject than char to incomplete combustion ae the flame
front moves through a cod bed. Ewever, channelburn.
ing and bypaesing of coal are eo imporcent that it IS
useful co recap che argumantc ioaepecial seccior.

Bypabslng of coal ie important economically (a)
because lt roin~zes energy prodticcionfrom cxpenaive
drill hclee and pip2.ngand (b) becauee it adveroely
a.ffectathe quality of the pzoduct fuel ga6. Further-
more, ●s will be discuoaed, bypaasing alaa icade to
aerioua environmental problems.

In the LML view the presence or influx of invad-
tig water 16 a major cauee of ●rratic burning during
UCG, leaving unburned coal behind. Here water blocks
reactant gas flew through the bulk of the coal, thus
also forcing flow into cracks. Such crnck flow will
require high local velocities to meticair overall flow
and the high velncitme, in turn, ●111 reeulc in nnn-
●quilibrium. Water ●Lao delaye haating coal to com-
bu-.ciontanperaturea, both by blocking heat flm and b:
consuming large mounts of heat. AB a conoequance. th
hot rogione ●xpand while tha cold regione react ve~
little and fail to ●hrink.

I If the coal la dried and ie converted to char
Ioefore combustion, channel flow ie largely avoided,

10CS1 flow velocities ●re low ae compared to crack
flow, reaction ●urfacee bazcma ve~ large, heatio~.
for 8aaificacion ie ●imple, reectant gae concm2cia-
tion gradiente ●croaa the bum front ●re reduced,

pYRoLY61s. MD cWBUSTIm FORUCC SPE 725!

BOOdutillzati~ of the coal field is ●chia-ad, and
product gu tmifozmity ie ma.lntd.ned.

Uater a2d Environmental problems - Uee of an un-
●bable reaction bubble to control water Imflux, es
diecueaed ●arlier, will ●atlmae lead to the ●erape
of noxious Ruaa u water plugs are pushed back IO the
CTacke, thereby opening ● path to the ●uth surface.

A well-burmed, underground coal field would be
~cted co leave eulfur and trace •let~ tied up
ea 12arnhaa ●ulfatee, ●iLicatea, ●tc. ~er, hot,
umbumed c-l wouLd gamerete hydrogeo and other re-
duclmg ~rn by ●low pyrolyaia. Theta gaeee muld
release BOZ, U~S, and trace elements which bad once
been trapped in the ash Im an oxidized etate. r.~ie
condition hee been noted in poet-burn W.G -aeuramecc6
where residual high preaeurea of HzS remain month~
after the burn.

@ce pyrolyzed the char is not ●~larly raducin~
●lnce low tcmperacure oxidation nf char producee CG,
not Q, Confiiatent with Reaction 3 wt.ichchows that
COz ie preferred at 1- temperature~ ●ven if the oxy-
gen supply la Mmlted. Therefore, lingaring residuals
nf cher ase ●ntironmen:ally much leas objectionable
than for unpyrelyzed coal.

Tesclng the Theory - A laboratory progrem was de-
eigned to teet (where poeaible end deemed necessary)
tht feeaibillry of the etepo of the I&l concept in
Ucc. After feasibility wae eatabliehed, later ❑e&sure
ment~ wadd be made to provide the prEcise dara ❑zeded
for engineering design. Baaicelly it was necessary tc
eatabliah (a) that water Influx cotildbe controlled
underground and (b) that the coal co”tildbe ❑tic.ceEs-
ively dried, pyrolyzed. and gesified by procesGes
which could be carried ouc underground.

Alchoughwa could aee posslile ways to co.trcl
the water Influx (e.g.. by acress m=diflcacion under-
g,road’s), this problem la b.%sicaliyon= wiiIchcan
oniy be proved by field teata. It is not anstieredin
the present paper.

The queacion of drying, pyroiyals, and combuEtiec
however, can be @ucces=fully repreaemted in laboratory
teats, as will be diacuased.

:Q~Ip~E]JT - In come caaea crnmoerlcaldrying ovens
were used for heating the coal. however, moat nesting
waa done in apectilly designed, thick-walled, firebric
furnaces with electric heatera ●nd temperature control
lera.

For some meaauramenta a balance ●upported a liEawY
wire frame wh!.ch●ntared a furnace through IioleaIn tli
fumaca bottmn. The frcme waa used to support a coal
block which could be weighed at will as it was d~xng
or pyrolyzing.

Some coal blo-ka were wrapped in alumlnum foil to
contrel convection, but others were placd unwrapped
tito ● fU~aCe. ~rlier work hap alaO ticlidad forcEd
convection.

~uetion was carried out in 100 m quartz tubes
in firebrick tieulation. Ignition was by hoc wirea or
by a torch heating the outaidE the quartz cube and air
or oxygen was used for combuecion. Coal or char wa.e
burned.
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Craw, potu, aid dirirkgo lo driad md in mo-
lyccd coal vere ~ad by dcroacope. Ue@t chmgee
were notmd. Physical ~iona were measured. Ctuk-
ing in taparmtore -radiantsvas studied. E-at conduc-
ticm wee avaluatod frtm dmq ratu. Earlier work W
naaured pamcebfliry.

-cd -yeas gavewistarea volatflea, and
ash.

COS1 SUPIU were rmcovered as quickly u feasible
froa the mime face, i..., ● day or cwc after blasting.
Reaeomably protected ●roles mm dug from the rubble,
and theme ~lee wre ●tored in dow~ “ --tic e.
Coal wee rmed from rhe Ruitlen a Pit
(Weete2n Coal b., Parmington, NW

SESWLTS

~emical Prmerties - The Fruitlaed ●am wee found
to have very nonuniform properties. Table 1 giveo r-
eulte from ● single site but from different levels in
the coal bed. This group of samples show moisture vary
lag from 4.5% to 8.8%, and other ●pecfmne from the bed
have ●hwn es high u 11% mointure. Volatiles, too,
are Mghly variable vhen measured ●fter heating co 600”
C in cloeed contalnere; this group varies from 22.22 to
&5.6Z volatiles. Ash varies from 6.4% to 41.8%.

-- Ranults of drying experbanto on lerge
bloclw of mid-aaam COA2 ●re given in Figs. 2 end 3.

Fig. 2 ahowa reeults for a 2 kg coel block in ●

furnace at 125°c (32°C ●bove the ke Alamoa boiling
point). kse of woieture wee monitored by ● balance
mounted below the furnace. The gee wae eeeentially
Btill, end the coal was open to the air of the furnace.
Orying was ●ffectively complete In juac over 1 day when
B.7Z moisture had been removed.

Fig. 3 ehowe reeulto for an 11 kg coal block sieel-
ed in aluminum foil and positioned in the furnace at
130”C. Here drying was extended to five deys before
7.0% moisture bd evaporated.

Table 2 indicates shrinkage on drying and cooling.
As noted ~rlier, Table 1 lists further drying reeults.

T.L.= i Iimte volaciles at 600-CB ●ePyrolysis - .-..
rmntioned earlier. Table 2 gives the ohrjnbge on
PYYOIVSIS and cooling along with the percent volatile
at 600°C on a dry, aeh-free baaie.

A typical pyrolysis gas given off from Fruitland
coal at 350”C hae a heating value uf about 500 Btu/SCF
(19 M.J/m’)made UP from 33v01. Z COend Elz,100Btul
SCF; 29 vol. % Cl to Cs hydrocarbons, 400 Btu/SCF; 38
vol. % C02 and H20, OBtu/SCF.

Cumbuetion - The Fmitlanc! chars we etudied in
combuetlon experiments vere produced in theee labora-
tories. The chare vere not totally pyrolyzed-pyroly-
eia continues up to about 900”C, and eamplee had not
been at that elevated temperature. Smmplee, i.rmtead
had been heated to varioue temperature h the range
250”c (pyrolysis just etarted) to 500eC (m large frac-
tion about ?5%, of the hydrocarbons removed).

Thene chars •o~ttia ignited in air ●t tampern-
tureo in the range 2758 - 325”C, and continued to burn
after they had been removed from the furoace. Coal
chunks wrapped I!!●luuinum foil did not ignite on heat-
ing, but would ignite If removed and opened to the air.

M. k Vmdetborgh
— .~

~tion Of tmdried (but -t -fit) coal -d of dry
char (both - ~ in, - 1.] m) indicated ●ignificently
dl.ffermt bahavior. ~uetim wee carried out at
ratoa corteepending to con~tion of 0.5 m of coal
face per daY le UCC or WCC. (mie coal, however, wan
bmhn into -11 piecu.) The course of the cabue-
tionwas ~ned pariodiuUY by ~ing Sneulatfng
firebricka frm the ccmbuetim tube.

The char initially ignitedreadily, =d it reig-
nited vhen air or oxygen flw was ●toppad and ●tarted.
tit cauationwvad smoothly, -d ● relatively flat
bun2i22g face 98s 9etitained in all ca.aea. The angle
from vertical of the km front Ch&iged with gas ve-
locity - hiaher gas velocities prduced larter, more
botiontal burn fronts (lying ●lliptically in the cir-
cular tube), vhile ●lwer bums gave roller fronts
which moved ●ore vertical.

Coal wao more difficult to ignite than char, and
there vaa more tandenq for air fires to ●xtinguish
spontaneously. Like char, coal tended to enhrge the
bum front u valocitiee imcraaaad, amd the burning
faces again were aeeenttilly flat. At bigheet air
velocities, chemnels ●tarted burning avay from the flat
burn front of more abwly burning coal.

There were al-o other diffarcmceo in the burn
frontc of the char end of the coal. Mat notably coal
cmbuetion produced puffs frm cmbuetion of pyrolysie
geeee, end these puffs ignited rwnnimg mparh on ●d-
jacant coal pieces. Then the ●parb went out of
their own ●ccord only to ignite again later.

For char there was ● very emooth region of burn,
perhapB 1.5 cm thick, which waa at ●bout 1000°C (en-
timated from color). Flame propagation was through
radiation and through the flow of hot gaees. Unl Ike
the coal case, there wae no evidence of the puff-burn-
ing of char or of the running sparks ~aociated with
coal burning.

Fracture - With Fruicland coal ve saw no evidence
of the fracture ●ssociated with nhri.nkaLeupon water
removal (ss in the clacking of stored coal). However,
the shrinkage ehown in Table 2 for heating at 250”C
would surely cause drytig cracks in a coal bed.

Thermal fracturing offers a ve~ important method
of breaking up thie coal. Thus a 2&kg chink of coal
can retain its ahape and chow little ●violentcracking
as it dries. on the other hand, if this chunk of coal
is removed from the fumaca at 125°c and placed on a
table at laboratory temperature, then this coal will
develop cracka end io ●me caaea will brzak into pieces
7-15 cm across.

INTERPRETATION OF DATA

The measured chemical properties #how the Fruit-
land coal ●esm ie highly variable in the vertical di-
rection. Such variability ●mphasizes the importance of
drying end pyrolyaie to produce a uniform fuel gaa.
The pyrolysis products ●re ●conomically aignificant]o.

The drying arpertients suggeet that realiatic
sized coal blocks can be dried in timen which are
reasonable for UCC oparatione. Drying modele have
been offered!’ 10 Initislly the flow of the heat-
carrying gae would be through fabricated pathe In the
coal, but drying would produce increaaed permeability-
to permit ●fficient flm and more rapid drying. Tablea
1 and 2 togethar show about 1% apparent volume decreaee
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for 7- %rnistwe ~al; aUwing for danaity dif -
fereocaa ba~ coal and water, this mane about 10%
of the bulk Vola kcms pores d intamal cracks.

Iha dryimg uparfnnts (Fig. 1) cm bm waluated
to BiVO the thermalcooductivit of tho dry coal. M

{
V~UQ la low, k = (91 t 6) (1~ ) cal/s*m**C, or
(301 t 35) (lO_*) W/m~K] amd la tmly slightly largm
than thi conductivity of ●till ●ir 79(10-s) cal/ssca~O(
Tbia lW comduetivity uphuicaa the neccaa ity of cm-
vactt~ dzyimg uatig coz u a particularly useful a&amt

~ ~oIYOiS ●tudies Indicate that 350°C PyToly-

si. yields 8 product gas ●t 500 Btu/SCF. It could b.
blandad with lmr Btu fuel or be clesned and shipped.
With ebwmical ●hiftimg to rsmwe CO and with EzO and
COI rooval, it would bocoma m BOO Btu/SCF n~poiaon-
ous g- Weh could be bland~d into nntural gas fuels.
It could readily be upgraded to SNG (oubatituce matu-
ral gas) or otha~-producte if there were ncarhy planta
●lready producing SNG. Tha yiald of liquid plus gaa-
eoua pyrolysis products (Table 1) are ●conomically im-
portant, as rnntionad aulier. These hydrocarbon are
era va2uable enough ●o that they should not be destroy-
●d by umdergroumd cmbuatlu~.

Tha combustion studies give evidence of ●rratic
burning in wet coals. T’Mo phenomenon appears to be
● precursor of the inc~plata ccmhmtion of underground
coal during UCG. (The problam preamnbly would have
baam worse with larger pieces of coal.) Because char
containe no water, hen more combustion surface than
coal, and hag adequate permeability to permit internal
gee flow, it bums completely without such difficulty.

The aaay ignition of char, and steady burning wer
with no ewternal heat supply, eu~gest that thare will
be no problem in igniting dry char, even if it sits
and coole underground before orocausing,ae long as
water in excluded.

The foregoing unalyaie of cmhustion finds support
in earlier work]ywhich has emphasized the importance tc
combustion of coal drying, of coal pbrticle size, and
of air flow velocity is combustion ●ngineering. Those
authc.s point It that dry coal will burn with an ef-
ficiency appro . ..ng 84.1% while the same raw coal
burns with mAXLd ●fficiency of 79.8%. Also they note
that underfeed fires can be axting~liahedby too rapid
●ir flw and that larger coal particles require lower
●i- valocitias for ●fficient combustion.

Tha fracturing of hot dry coal during cooling in-
dicates that coal could ba crackad underground wan be-
fore p~olyaio - one would uae pulsed heatiag, then
ooliag, to achieve both convection drying and cracking,
Cracking on tha larga and small scale la acl.ievedwith-
out tamparattme change during pyrolytsia. And once a
porous raglon haa baan producad, brink and ●fficient
proccaning is poaaibla.

CONCLUSIONS

In ●ll CMaa thaae rawltm are supportive of the
t~aory of underground coal procaoolng praaanted undar
1’EZORY. We ●e~ no insurmountable tachnical problem
●xisting for a ntaged underground coal convareion
procaas, but we amphaaiza that all concapta in woder-
groumd coal processing dapend critically upon control
of water influx. It 10 important that teuil.liqueafor
-aauring and controlling, watar flow be davelopad if
this technology 10 to ba a contribution in the Nation’s
anergy supply.
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al” - atmdard free emerm chmue at the KelvizI
taqerature Iodica;ed by ~he ●ubacript
tln reaction

AH” = standard amthalpy chmga ●t the Kelvin
●rature indicated by tba ●ubacript for
reaction

Z(H1zOO-E:~O) = ●taoda.rd ●nthalpy cha.nga
for heating raactanta

k - hut conductivity in the units Mated

mmwLELcmENTs

for

temp-
the

This wrk waa aupportad by the U.S. Department
>f Energy.
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m 8.8 22.1 41.8
we 7.4 45.6 6.4
Botta 4.s 35.6 15.9



Table 2 - Dimeneioml cbugee induced in ?ruitland COZI by dryisu md wrolyEi?.

Tcmp.
-. “c

Top 250

of ●m 400

500

600

Middle 250

of 8om 400

500

600

Bottom 250

of ●eam 400

500

600

o

2.6

4.7

44.7

0

0

0

52.9

0.3

1.0

1.7

{,4.7

heoe are che sempleg deecribed in Table 1.

bhy, ash-frae

perpendicular to bedding planes,

o

1.1

1.6

0

2.2

4.5

1.2

2.7

2.7

5.6

4.7

7.3

1.1

1.7

7.2

1.2

4.7

3.2

1.8

2.4

3.8

1.0

1.6

3.2

0.8

2.3

2.4

d
Along bedding planes; cle~te not identified.
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Fig. 3 - Drying of 11 kg piece of Fmithnd coal at 57°C
abcwe local water hotlinf, point.
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Fig. 2 - miq of 2 ~ piaGO of Fruitlmd coal ●t 32°C ●bmo
loal wter boilim point. (orimd 0.5% fra ●ir-
dmla8 in brwso for 3 days. )
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Fig. 1- ~~lc calculatlma of equilibrltm fuel-g= productim.


